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ABSTRACT 
Elisa Rehak: Construction and Testing of Dead-End, Oxygen-Permeable  
Membrane Tubes to Treat Swine Waste Through Passive Aeration 
(Under the direction of Dr. Michael D. Aitken) 
North Carolina is a national leader in hog production, and home to more than 9 million 
pigs. The waste from those pigs represents a potential public health concern, as standard waste 
management practice consists of storage in earthen lagoons and eventual spray application onto 
fields for plant nutrition. Toxic chemicals, such as ammonia, methane and hydrogen sulfide, are 
volatilized when this spraying occurs, contaminating surrounding air and surface waters. These 
chemicals not only threaten our water systems, but also represent a respiratory health risk. This 
report details the design and construction of a new technology that uses passive aeration to 
remove excess ammonium in hog lagoons. It could ultimately be deployed as subsequent 
treatment following anaerobic digestion of the waste. The device consists of a cylindrical 
structure with 4 vertical support rods that go through 3 horizontal supports. This structure is 
wrapped in an oxygen permeable polydimethylsiloxane (PDMS) membrane. The oxygen 
transfer rate through a 0.0127 cm-thick PDMS membrane tube device was determined and 
compared to a theoretical oxygen transfer rate determined in a previous study. The 
experimental transfer rate was 129 mg O2/day (0.815 mg/cm
2·d), compared to the theoretical 
oxygen transfer rate of 914 mg O2/day (5.78 mg/cm
2·d). The substantial difference is likely a 
result of the methods used for testing oxygen transfer, effects of hydrostatic pressure, and errors 
in the theoretical model. Based on the results, the implementation of this technology is 
potentially feasible with the consideration that about 7 times more tubes than initially thought 
will be needed to successfully treat the waste, greatly increasing manufacturing and 
maintenance costs. 
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1.0 Introduction 
According to the United States Department of Agriculture, North Carolina is currently 
home to 9 million hogs1. The 2010 US Census for North Carolina states that there are 9.5 million 
people living in the state2. The alarming similarity between the number of people and hogs is due 
to the large quantity of concentrated animal feeding operations (CAFOs) located primarily in 
eastern North Carolina (Figure 1). Duplin and Sampson counties in eastern North Carolina are 
the counties that house the most hogs and where the amount of manure produced by hogs is 25 
times the amount of human waste produced in Raleigh, North Carolina3.                             
Figure 1. Location/distribution of CAFOs in North Carolina4. 
When there is a substantial number of hogs in a condensed area, a significant amount of 
waste is generated that is kept in one or more on-site earthen lagoons. The waste collected in 
these lagoons, consisting of feces and urine, is anaerobically degraded by microorganisms 
converting organic matter into gases such as carbon dioxide (CO2) and methane (CH4)
5. Spraying 
the waste onto fields as fertilizer is standard practice for emptying the lagoons6. Lagoon liquid 
has a significant amount of nitrogen (as ammonium, NH4
+) along with variable amounts of 
phosphorus. Nitrogen and phosphorus are nutrients for crop plants, as well as for algae in surface 
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waters. When excess nutrients are introduced into surface water, eutrophication may take place, 
depleting the amount of dissolved oxygen available for aquatic animals7. As the lagoon liquid is 
sprayed, volatile compounds such as ammonia (NH3), methane and hydrogen sulfide (H2S) are 
released into the atmosphere8,9. Methane is a potent greenhouse gas, and hydrogen sulfide and 
ammonia both have a harsh odor. Ammonia can also irritate the respiratory system in humans, 
causing long-term health issues5. Due to the release of these gases as well as potential structural 
failure of lagoons during a storm event, a huge public health issue is created for surrounding 
communities and the environment.  
This project sought to develop an innovative technology to address the volatile ammonia 
released into the atmosphere once hog waste is anaerobically digested.  Specifically, the 
technology involves passive oxygen transfer through an oxygen-permeable membrane in contact 
with the ambient atmosphere on one side and wastewater (such as hog waste) on the other. In this 
project, the membrane is envisioned being deployed as a tube suspended in wastewater, closed 
on the bottom end and open to the atmosphere at the top. The addition of oxygen to the waste 
would select for nitrifying bacteria, which will facilitate nitrification. The process of nitrification 
converts ammonium to nitrate, thus minimizing the amount of ammonia released into the 
atmosphere during storage in a lagoon and when the waste is sprayed onto fields as fertilizer. 
Using this technology, the waste produced by hogs can be better managed at a reasonable price10. 
The technology could be used for any farm that captures methane from animal waste via 
anaerobic digestion, therefore reducing the amount of chemical oxygen demand (COD) before 
the addition of oxygen11. 
The main advantage to using dead-end, oxygen-permeable membrane tubes is the 
potentially high oxygen transfer efficiency and the elimination of energy costs for aeration10. The 
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membrane itself would contribute the most to the manufacturing cost of the tubes10,12. This 
project sought to determine the best design to optimize oxygen transfer while keeping the tubes 
simple and cost-effective. The main goal was to compare the theoretical oxygen transfer rate of a 
polydimethylsiloxane (PDMS) membrane (determined using a model developed by a previous 
student, Ms. Jing Deng) to an actual oxygen transfer rate through construction and testing of 
membrane tubes. The ultimate implementation of these tubes would improve public health in 
eastern North Carolina as well as any community impacted by CAFO waste10.  
2.0 Background 
2.1 Previous Work 
The framework of this project comes directly from the Master of Science in 
Environmental Engineering technical report of Jing Deng10. She developed a model that 
quantified the oxygen concentration gradient along the length of the membrane tube as well as 
the rate of oxygen transferred through the membrane. Her analysis showed that the oxygen 
concentration does not change significantly along the tube length. Deng (2015) also found that 
the oxygen mass transfer rate is directly related to the tube’s physical parameters, with the 
membrane thickness being the most important parameter. The mass transfer rate increases when 
the tube radius increases and the tube thickness decreases, but as the tube radius increases more 
membrane material is required per unit of oxygen transferred. The PDMS membrane is the most 
expensive part of the device; therefore, a smaller membrane surface area is preferred10. Deng 
(2015) did a case analysis on her model using a PDMS membrane with various membrane 
thicknesses and radii. The parameters used in construction of the tubes in my project were as 
close to the parameters used in Deng’s (2015) case study as feasibly possible. She used the waste 
characteristics of a hog farm in North Carolina (Butler Farm) for her case study when 
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determining the number of tubes required in one of its lagoons based on the oxygen demand of 
the waste and the theoretical transfer rate of the membrane tubes10. 
2.2 History of Hog Farming 
Prior to 1995, there were very few regulations in place for the management of industrial 
hog farm waste. The waste would often overflow out of the lagoons during storm events and 
pollute surrounding water systems13. The first regulation for hog waste management passed in 
1991, which stated that local zoning regulations did not apply to large-scale hog farms14. In 1992 
Smithfield Foods, Inc. opened the world’s largest meat processing plant in Bladen County, North 
Carolina, which drastically increased the amount of CAFOs and therefore waste lagoons in North 
Carolina15. In 1995 the North Carolina Senate passed Bill 1080, which is also known as the 
Swine Farm Siting Act. The Swine Farm Siting Act required that any swine waste lagoon or 
swine housing must be located at specific distances away from schools, churches, hospitals, 
residencies and property buildings16. In 1997 the Clean Water Responsibility Act imposed a 
moratorium against building new hog farms with over 250 hogs as well as the expansion of 
existing hog farms. The moratorium was put in place to establish sufficient management 
regulations on hog waste lagoons. Regulations included odor prevention, nitrogen and 
phosphorus limits, surface water quality protection, and emission limits17. According to the 
Clean Water Responsibility Act, the regulations on ammonia are as follows, 
1. Combined ammonia emissions from swine waste treatment and storage structures 
may not exceed an annual average of 0.2 kg NH3-N/wk/1,000 kg of steady-state live 
weight; 
2. Ammonia emissions from land application sites shall not exceed an annual average of 
0.2 kg NH3-N/wk/1,000 kg of steady-state live weight; and 
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3. Ammonia emissions from the swine farm must not exceed an annual average of 0.9 
kg NH3-N/wk/1,000 kg of steady-state live weight18. 
In 2000 Smithfield Foods Inc. partnered with Premium Standard Farms (PSF) and came 
to an agreement with the Attorney General of North Carolina stating that they would fund 
research for environmentally superior technologies (ESTs). The agreement is known as the 
Smithfield Agreement and included stricter regulations on hog waste lagoon management16. 
Some of the key goals proposed in the agreement include an 80% reduction of ammonia 
emissions, total nitrogen emission reduction of 75%, property boundary odor levels no more than 
a 2 on a scale of 1-10, 99% pathogen reduction, and a 50% reduction of copper, zinc, and total 
phosphorus emissions4. Since then, universities and governmental agencies have been working to 
develop and implement innovative technology to treat hog waste while staying within a budget16. 
  Many hog farms are located near lower-income communities that suffer from the odor, 
risks of inhaling ammonia at dangerous levels, and property contamination from overflowing 
lagoons. The effects of hog farms on these communities is so extreme, it has become a civil 
rights issue in North Carolina19. As a result, many hog farmers are still working toward better 
waste management practices to prevent the harsh impact it has on surrounding community 
members.  
2.3 Butler Farm 
Butler Farm is located near Lillington in Harnett County, North Carolina, and houses 
nearly 8,000 hogs in 10 different barns. The concept for this project originated by using Butler 
Farm as a case study10. Each of the 10 barns have slats on the floor that the waste falls through 
when the hogs defecate. The barns are periodically sprayed with water which flushes the waste  
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Figure 2. Overhead view of Butler Farm showing the 10 barns that house the hogs from which 
waste flows to the earthen anaerobic digester and onto the two overflow lagoons. The pumps that 
move the waste to the digester and lagoons are in the pump house. The composter is where their 
mortality is collected, composted and used a fertilizer. Solar panels provide additional energy to 
the farm. The generator is where the methane from the lagoons is collected and cleaned for 
energy use. The office, mix tank, and machine storage are also shown20.  
 
through the pipes beneath the barns and into an earthen digester (Figure 2) which digests the 
waste for 21 days. After the 21-day period, the waste is moved to Overflow Lagoon 1 where it is 
further anaerobically digested and then onto Overflow Lagoon 2 which is where the proposed 
technology for passive aeration would be implemented. From Overflow Lagoon 2, the waste is 
sprayed onto their fields for irrigation and fertilizer10,20,21. A methane collection and monitoring 
system was implemented in 2008, which included putting a 60-mm high-density polyethylene 
(HDPE) cover on the lagoon. There are pipes running throughout the cover that collect the 
biogas and transport it to a processing unit and generator on-site. The gas is cleaned, used to 
power the farm, and any excess is sold as electricity to surrounding industries20,21,22. Covering 
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the overflow lagoons also eliminates odors and prevents rainwater from entering the lagoon and 
potentially exceeding its capacity. Butler Farm has already implemented anaerobic digestion and 
methane collection but there is still excess ammonia left in the lagoons20,21. The envisioned 
technology would be deployed after anaerobic digestion, before the waste is sprayed onto fields. 
Figure 3. Full schematic of the waste process at Butler Farm 
 
3.0 Relevant Chemical/Biological Processes  
3.1 Anaerobic Digestion  
The most common way to treat hog waste is through anaerobic digestion.  The process 
discussed in this report utilizes anaerobic digestion and takes it one step further to biological 
nitrification via passive aeration through the constructed devices. Anaerobic digestion of 
wastewater is defined as the degradation of organic matter by microbial metabolic processes in 
the absence of oxygen, which produce carbon dioxide (CO2), methane (CH4), and water (H2O) as 
well as other gases6. Anaerobic digestion is a four-step process that includes hydrolysis, 
acidogenesis, acetogenesis, and methanogenesis. Hydrolysis, the first step in anaerobic digestion, 
is the process by which complex particulates such as carbohydrates, lipids and proteins are 
solubilized into amino acids, simple sugars, and long-chain fatty acids where extracellular 
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enzymes such as cellulases, amylases, and proteases from fermentative bacteria are used as 
catalysts. The second step, acidogenesis, is the degradation by bacteria of amino acids and 
simple sugars to volatile fatty acids (mainly acetic, propionic and butyric acids), hydrogen and 
ammonia. Acetogenesis is the conversion of low-molecular-weight organic compounds and 
higher-molecular-weight volatile fatty acids to hydrogen and acetic acid. In the last step of 
anaerobic digestion, methanogens utilize acetic acid or hydrogen and carbon dioxide to form 
methane6,23.  
The waste that flows from the 10 barns and into the Earthen Digester (Figure 2) is 
anaerobically digested and continues digesting as it flows into overflow Lagoon 122. 
Anaerobically digesting their waste decreases the chemical oxygen demand (COD) as organic 
matter is consumed. The waste coming from the barns consists mainly of feces, urine, and water 
from cleaning the barns22. The nitrogen in the waste is mainly in the form of urea, which is 
converted to ammonium via hydrolysis. Ammonium (NH4
+) is in equilibrium with ammonia 
(NH3, a gas), with the distribution between the species determined by the pH (the higher the pH, 
the greater the ratio of NH3 to NH4
+). Since Butler Farm incorporated methane collection by 
putting covers on their lagoons, the ammonia does not volatilize and evaporate. The amount of 
ammonium in the lagoons drastically increased once the covers were implemented in 2008. 
According to Sarah Bunk’s analysis of the waste in 2010,22 there was approximately 2,340 ± 151 
mg/L of NH4
+ -N in the Butler Farm lagoons. Before the covers were implemented the 
concentration of ammonium was 400-1000 mg/L NH4
+-N.22 Regardless of the lagoon covers, 
when the waste is sprayed onto the fields the excessive amounts of ammonia are volatilized into 
the atmosphere22.  
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3.2 Nitrification  
Nitrification is a two-step process as shown below, where ammonium is first oxidized to 
nitrite by ammonium-oxidizing bacteria (AOB) and then further to nitrate by nitrite-oxidizing 
bacteria (NOB)11,8. For every 1 kg of NH4
+-N, 4.56 kg of O2 is required for complete 
nitrification22.  
 Ammonium Oxidation: NH4
+ + 1.5 O2  NO2- + 2 H+ + H2O     
                              Nitrite Oxidation: NO2 + 0.5 O2  NO3- 
                             Overall Net Reaction: NH4
+ + 2 O2  NO3- + 2 H+ + H2O                          (1) 
The process of anaerobically digesting wastewater removes organic matter but does not 
address the significant amounts of ammonium found in wastewater. Nitrification is the target 
process when implementing the technology considered in this report. The oxygen-permeable 
membrane tubes would be used on anaerobically digested hog waste at Butler Farm (or any hog 
farm anaerobically treating their waste) to treat the significant amounts of ammonium. In this 
case, the cover would be removed from Overflow Lagoon 2 (Figure 2) and the tubes submerged 
in the waste. Most of the chemical oxygen demand (COD) will have been depleted during 
anaerobic digestion, creating optimal conditions for nitrification to take place11. The microbes in 
the waste may form a biofilm on the outside of the membrane which would facilitate 
nitrification.  
3.3 Environmental Impact 
According to the EPA24, ammonia can act as an irritant to the human respiratory system 
when inhaled at high concentrations and has an offensive odor. Ammonia can react with other 
compounds in the atmosphere to form particulate matter (PM) in the PM2.5 range, which is a 
regulated air pollutant7,9. The EPA updated the National Ambient Air Quality Standard for PM2.5 
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in 2013 with an annual standard of 12 µg/m3 instead of 15 µg/m3.  Particulate matter can irritate 
or harm the human respiratory system by getting deep into the lungs. The health effects PM2.5 
can have on humans include asthma attacks and bronchitis, which can lead to cardiac 
arrhythmias and heart attacks8,24.  
Ammonia can also harm aquatic life if it gets into any surface water system (such as 
lakes, rivers, or estuaries). Research has shown elevated levels of nitrogen as ammonium in 
water systems along the coast of North Carolina due to hog waste ammonia that was deposited 
from the atmosphere or transported through ground water7.  If the envisioned membrane tubes 
are utilized at Butler Farm, tests for nitrous oxide (N2O) are needed to quantify the potential 
impact on greenhouse-gas mitigation. Nitrous oxide is an important greenhouse gas with 300 
times the warming potential as CO2 and is a byproduct of nitrification
25. The membrane tube 
device discussed in this report may help eliminate the impacts of ammonium on the environment 
and people living near CAFOs. 
4.0 Oxygen Transfer Testing 
4.1 Model 
 The theoretical oxygen transfer rate of the membrane tube device was found using the 
equation Deng (2015) derived.10 The equation assumes that the oxygen concentration does not 
change along the length of the tube, so it can be treated as one homogenous unit. Deng (2015) 
also hypothesized that the gas velocity inside the tube is negligible. The equation used to 
determine the rate of oxygen diffusing through the membrane is10,  
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                                                               𝑀 =
2𝜋R𝐷𝑚𝐾𝑔
𝛿
𝐶0𝐿                                                      (2) 
Where, 
M = mass rate of oxygen transfer (mg/s) 
R = Tube radius (cm) 
Dm = O2 diffusion coefficient in membrane (cm
2/s) 
Kg = Membrane solubility/gas partition coefficient (dimensionless) 
 δ = Tube wall thickness (cm) 
C0 = Oxygen concentration at x=0 (tube entrance) = 0.271 mg/cm
3 at standard conditions for air 
L = Length of tube (cm) 
The equation shows that the transfer rate is determined by the radius of the tube, the 
length of the tube, and the membrane thickness and type (which determines both Dm and Kg). 
After Deng (2015) derived the equation, Butler Farm was used as a case study to determine if the 
model gave a reasonable transfer rate10.   
4.2 Theoretical transfer rate 
The main goal of this project was to compare Deng’s (2015) theoretical oxygen transfer 
rate based on the model developed with the actual oxygen transfer rate found from constructing a 
membrane tube device and testing it. Deng’s (2015) case analysis used the parameters for a 0.06 
cm thick PDMS membrane with a 1 cm radius and a length of 200 cm. In the comparison, the 
length used for the experimental tube was 26.98 cm when taking into consideration the parts of 
membrane obscured by the structural supports. The membrane thickness was 0.0127 cm. A 
theoretical calculation was done using all the parameters for the constructed tube along with 
mass transfer coefficients adjusted by using the oxygen permeability obtained from the 
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manufacturer’s data for the 0.0127 cm thick membrane instead of the coefficients assumed by 
Deng (2015), as described below.  
Table 1. Comparison of calculated hypothetical O2 transfer rate using Deng’s (2015) model 
between their case study10 and the parameters of the constructed tube. 
Parameter Deng (2015)10 Experimental 
Design Value 
R (cm) 1.0 1.0 
L (cm) 200 26.98 
δ (cm) 0.06 0.0127 
C0 (mg/cm
3) 0.271 0.271 
Dm (cm
2/s) 0.0000222 ND 
Kg (-) 0.22 ND 
M (mg/s) 0.0277 0.0147 
M (mg/d) 2,400 1,270 
                    ND, not determined, as explained in the text. 
The oxygen transfer rate Deng (2015) found using the model was 2,400 mg O2/day. The 
oxygen transfer rate is directly related to the length and thickness (see equation 2) so that the 
theoretical rate for the actual constructed membrane tube is lower. The mass transfer coefficients 
are also different for the 0.0127 cm thick membrane than the values Deng (2015) assumed, 
which contributed to the difference. The product of the diffusion coefficient (Dm) and the 
partitioning coefficient for oxygen in the membrane (Kg) equals the membrane permeability, P; 
that is, P = Dm  Kg26. The permeability of the 0.0127 cm thick membrane is 50 x 10-9 (cm3 
gas(RTP)cm)/(sec cm2 cmHg ΔP) (RTP is standard room temperature and pressure) as indicated 
by the membrane manufacturer, Interstate Specialty Products12; the permeability for the 
membrane used in Deng’s (2015) theoretical model10 was 60 x 10-9 (cm3 gas(RTP)cm)/(sec cm2 
cmHg ΔP). Therefore, the product Dm  Kg for the membrane used in this project is 5/6 of the 
value used in Deng’s (2015) model. Accordingly, the oxygen transfer rate for the constructed 
membrane tube was calculated using Deng’s (2015) values for Dm and Kg, then multiplying the 
result by 5/6 (0.833). Additives such as silica are often combined with the membrane material to 
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make them more permeable and the average permeability of a PDMS membrane is 60 x 10-9 
(cm3 gas(RTP)cm)/(sec cm2 cmHg ΔP) according to Robb et. al26 which was the source of the 
value Deng (2015) reported10.  
Another adjustment made to the model was for the surface area of the membrane, which 
is determined as 2πRL. As shown in Chapter 5, the active surface area of the constructed 
membrane tube (158.2 cm2) was less than the calculated surface area based on the nominal radius 
and length (219.5 cm2). Therefore, the calculated oxygen transfer rate using the nominal 
parameters was adjusted by a factor of 0.72 (i.e., 158.2/219.5). The calculated oxygen transfer 
rate of the constructed membrane tube, based on Deng’s (2015) model, was 914 mg/d. Per unit 
surface area, the transfer rate was 5.78 mg/cm
2·d. 
4.3 Measuring Oxygen Transfer 
To determine an experimental oxygen transfer rate, a system needed to be made where 
the amount of oxygen transferred into water through the membrane could be tested without 
atmospheric oxygen contamination. A standard approach to measuring oxygen transfer into 
water is to deplete the water of oxygen, then measure the rate of reaction between oxygen and a 
reductant, such as sulfite (SO3
-). This way, the dissolved oxygen (DO) concentration is kept 
constant at 0 (or near 0), and the rate of oxygen transfer is stoichiometrically proportional to the 
rate of increase in concentration of the product of the oxidation reaction. For the oxidation of 
sulfite, the product is sulfate (SO4
2-), as shown below for sodium sulfite.  
2 Na2SO3 + O2  2 Na2SO4                   (3) 
One mole of oxygen produces 2 moles of sulfate. On a mass basis, for every 1 g of sulfate 
produced, 0.167 g of oxygen is consumed. In a bench-scale test such as that performed in this 
study, the water can be purged with nitrogen to deplete the DO prior to starting the test. 
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Theoretically, all the oxygen should be purged, but previous studies have shown that the lowest 
possible dissolved oxygen concentration after purging for approximately 3-4 hours is about 1-3 
mg/L27. When a background sample was taken for this study, comparable results showed that 1-3 
mg/L of oxygen remained in the water as opposed to the original 8-9 mg/L corresponding to 
saturated DO at room temperature and standard atmospheric pressure28.  
4.4 Reagent  
A reagent is needed to test the amount of sulfate in a sample. SulfaVer® 4 Sulfate 
Reagent Powder Pillows from Hach (Loveland, CO) were used in this study. The reagent powder 
contains barium chloride (BaCl2), which reacts with sulfate to form insoluble barium sulfate 
(BaSO4). The precipitated barium sulfate is measured as turbidity in a spectrophotometer at a 
wavelength of 420 nm. Every time a sample is taken throughout a trial when determining the 
experimental oxygen transfer rate, it is reacted with the reagent (outside of the system) to get an 
absorbance. The importance of the reagent as well as the methods for testing are discussed later 
in this report.  
4.5 Catalyst 
During early trials of testing the membrane tube with a different system, data showed that 
the oxidation reaction of sulfite to sulfate might be slow, making it difficult to realistically 
determine the transfer rate of oxygen. Previous studies showed that cobalt could be used as a 
catalyst between oxygen and sulfite with 0.3 grams of cobalt per liter29. An experiment was done 
to determine if the cobalt would increase the rate of reaction of oxidizing sulfite to sulfate in the 
system used in this study. 
The experiment was set up by filling two bottles with 320 mL of DI water and leaving 
them open for 24 hours to guarantee complete saturation of oxygen. The temperature was 21˚C at 
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atmospheric pressure after 24 hours, corresponding to a dissolved oxygen concentration of 8.92 
mg/L28. First, 1.44 g of sodium sulfite (NaSO3) was added to both bottles. A stock solution of 
0.122 g of cobalt chloride (CoCl2
.6H2O) was created in a 1 L flask, and 3.2 mL of this stock was 
added to only one of the bottles (providing a Co concentration of 0.3 mg/L). Samples were taken 
from each bottle to determine if the bottle with the cobalt had a higher amount of sulfate after 30 
minutes and 60 minutes based on the absorbance reading from the spectrophotometer. The data 
showed that the bottle with the cobalt had a higher absorbance (Table 2) and therefore a higher 
concentration of sulfate at each time point. Cobalt was therefore used in all the tests discussed in 
this report. 
Table 2. Effect of cobalt addition on oxidation of sulfite by oxygen. 
Time [min] 
Absorbance at 420 nm 
With Co Without Co 
30 1.656 0.518 
60 2.240 1.163 
 
 
5.0 Design 
5.1 Membrane Design 
5.1.1 Membrane Selection 
In Deng’s (2015) case analysis, when a theoretical oxygen transfer rate of a membrane 
tube device was determined, the parameters for a polydimethylsiloxane (PDMS) membrane were 
used10. PDMS membranes were also used in construction of the device to be consistent with 
Deng’s (2015) case analysis. PDMS membranes have the highest oxygen permeability 
coefficient (50 x 10-9 (cm3 gas(RTP)cm)/(sec cm2 cmHg DP)) compared to other types of 
membranes making them the best option for oxygen transfer10,12,26. The next best type of 
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membrane after PDMS are other silicone derivatives such as fluorosilicone and nitrile silicone 
(permeability coefficient of 11 x 10-9 and 8.5 x10-9 (cm3 gas(RTP)cm)/(sec cm2 cmHg DP))26. 
PDMS membranes have a high gas transfer rate and are hydrophobic, which is essential in 
making sure that liquid is not transferred through the membrane. They are very thin, increasing 
the oxygen transfer rate, but they are also durable12. The membranes were purchased from 
Interstate Specialty Products (Sutton, MA) at thicknesses of 0.0127 cm (0.005 inches) and 
0.0203 cm (0.008 inches). The 0.0203 cm membrane reduces the chance of ripping or breaking 
under hydrostatic pressure but may not transfer oxygen efficiently10. The length of the membrane 
tube was selected based on two parameters: (1) the standard width of the commercially available 
membrane material, which is 12 inches (30.48 cm)12, and (2) the necessary size to fit inside a 5-
gallon carboy. The PDMS membrane characteristics used for the device are shown in Table 3. 
Table 3. Parameters for the 0.0127-cm thick membrane12. 
Part Value 
Thickness 0.0127 cm 
Permeability (Oxygen) 50a 
Tensile elongation 1300 psib 
Tear B 200 ppic 
Appearance Translucent 
a x10-9 (cm3 gas(RTP)cm)/(sec cm2 cmHg DP) 
b pounds per square inch 
c pounds per inch 
 
5.1.2 Device Structure  
The final design for the structure of the membrane tube incorporated four vertical rods 
supported with three horizontal rings and two end caps (Figure 5 and 6). The supports and end 
caps of the device were designed using the 3D designing software Fusion 360 (Figure 4). Each 
3D designed piece was printed using an Ultimaker 3 located in the Murray Hall Maker Space at 
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UNC-Chapel Hill. The plastic used for the 3D printed parts was Eastman Amphora™ AM1800 
polyester co-polymer (Eastman Chemical Company, Kingsport, TN). The vertical support rods 
were stainless steel and 0.0625 inches in diameter. 
The most important part of the printing process was setting the printer to print the pieces 
as dense as possible. The plastic filament is heated when creating the pattern coded into the 
printer for a specific part and then immediately cooled. If cooling happens too fast, there is a 
chance the filament will not have fully bonded with itself, preventing the part from being 
completely water tight. The top end-cap was designed with a hole in it to allow air to flow down 
the tube and through the entire length of the membrane. Once the top end-cap was printed it was 
tapped so it could screw into the system. The support pieces were printed with four holes around 
the circumference to accommodate the support rods, but needed additional drilling to allow the 
rods to fit through smoothly. The ends of the metal rods were ground to a point, so they could fit 
through the holes in the support pieces. Dimensions of the printed parts are summarized in Table 
4. The parts other than the support rods are shown in Figure 4. 
Table 4. Dimensions of the 3D printed parts within the membrane tube device.  
The next step in the construction process was to connect the membrane to the structure. 
First, the membrane was cut to a width of 7.2 cm. A thin strip of Chem-Set 412 A&B specialty 
silicone coating adhesive from Chemical Concepts (Huntingdon Valley, PA) was put on the edge 
of the membrane. The membrane was then wrapped around a plastic rod, so the adhesive could 
Device Part 
 Dimensions [mm]  
Inside 
Diameter 
Outside 
Diameter 
Length 
Top Hole 
Diameter 
 Rod Hole 
Diameter 
 
Top Cap 27 31 15 12 -  
Bottom Cap 27 31 15 - -  
Inner Support 15 20 5 - 1.5  
Outer Support 23 25 5 - -  
Rod - - 304 - -  
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dry with an even distribution of weight along the length of the seal. Once the adhesive dried for 
24 hours, the membrane could slide (Figure 5) onto the support structure which included the 
supports and rods. Tech-Bond (Carroll, OH) Molecular Bonding System was used to glue the top 
cap and end cap to the structure and membrane. The first part of the adhesive system was the SI 
Blue (Surface Insensitive Polymer-enhanced Structure Cyanoacrylate) adhesive followed by the 
Activator/Accelerator, which was sprayed onto the SI Blue to create an instant monolithic seal. 
The seal needed about 24 hours to dry before submerging it in water to ensure it was water tight. 
If any water enters the device its purpose will be compromised, so having a water-tight seal is 
critical. The final constructed membrane tube is shown in Figure 6.  
Figure 4. 3D printed parts used in the construction of the membrane tube device. From left to 
right, the outer support structure for the caps, the inner support, the end (bottom) cap and the top 
cap.  
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Figure 5. Construction processes. The image on the left shows the membrane wrapped around a 
plastic rod used to facilitate gluing the edges of the membrane together. The finished support 
structure is also shown next to the plastic rod in the image. The image in the middle shows how 
the membrane slides onto the membrane support structure from the plastic rod. The image on the 
right shows the membrane in place on the support structure before the end caps were attached.  
Figure 6. Final membrane tubes with the 0.0127-cm thick membrane tube on the left and the 
0.0203-cm thick membrane tube on the right. 
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5.1.3 Surface Area 
The effective surface area of the membrane for oxygen transfer is reduced by the overlap 
created from connecting the membrane to itself using the silicon adhesive. A small amount of 
membrane space is also wasted where the top and bottom end caps are connected, as well as by 
the support rods and support rings. Ideally, the surface area of the support should be minimized 
while maximizing structural support, so the oxygen transfer rate is maximized. The exact area 
taken up by the structural parts was found and subtracted from the surface area of the membrane 
itself to get a value for the active part of the membrane. The surface area of the membrane itself 
before construction was 219.5 cm2. The adhesive, caps and supports take up 66.6 cm2 of that area 
(Table 5), resulting in an active membrane surface area of 152.8 cm2. 
Table 5. Surface area of the structural parts of the device after construction that will reduce 
active surface area. 
Part Value [cm2] 
Top and bottom cap + glue 14.4 
3 horizontal supports 10.8 
3 support rods 13.0 
Seal 28.5 
5.2 System Design  
The system used to test the oxygen transfer rate of the membrane device was created with 
the help of the Environmental Sciences and Engineering Design Center. A 5-gallon carboy fitted 
with a rubber stopper was used as a vessel for clean-water testing of oxygen transfer through the 
membrane tube. Various-sized tubing was inserted through the stopper. During construction, the 
goal was to minimize the amount of atmospheric oxygen entering the system during purging of 
oxygen from the water, setup and sampling. All tests were conducted with deionized (DI) water. 
Figure 7 gives a schematic and photograph of the system, and Table 6 lists the function of each 
tube as well as their parameters. Each part is labeled A-F and described below.  
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Table 6. Parts of the system and their diameter corresponding to the letter in the Figure 7.  
 
 
 
 
 
 
a length of stir bar 
 
Figure 7. Schematic of the system with labeled parts A-F   
 
The piping that connected to the nitrogen cylinder tubing is shown as part A in Figure 7. 
The bottom of the pipe was connected to an Imagitarium Bubbling Airstone (Petco, Chapel Hill) 
which acts as a diffuser to create small nitrogen bubbles for efficient transfer of N2 while purging 
Label Part Diameter [cm] 
A N2 sparge 0.318 (0.125 in) 
B N2 for headspace/powder feed 0.953 (0.375 in) 
C Vent 0.318 (0.125 in) 
D Membrane tube 0.953 (0.375 in) 
E Sampling siphon 0.953 (0.375 in) 
F Stir bar
a 6.35 (2.50 in) 
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O2 from the water in the carboy. The benefit of having smaller bubbles over larger bubbles is that 
there is a greater surface area to volume ratio, allowing more oxygen to be stripped from the 
water. The carboy was purged for about 4-6 hours to ensure that most of the oxygen was 
removed27. When nitrogen was blown into the otherwise closed carboy, it needed a vent to 
prevent the buildup of pressure (part C). 
Part B was used once all the oxygen was purged from the system. The nitrogen gas was 
removed from part A and a funnel was put on the top of the structure in part B. The sodium 
sulfite and cobalt chloride powders were then poured into the carboy. Once the powders were 
added, the nitrogen cylinder line was connected to part B to blow N2 throughout the headspace of 
the carboy, and the funnel was replaced with a stopper. Nitrogen flow in the headspace is 
necessary to ensure no atmospheric oxygen is pulled into the water during sampling. The N2 flow 
would also remove any atmospheric oxygen entering from the stopper or other tubing. Using part 
B allowed part A to remain in its place with the addition of a small cap to isolate the tube from 
the atmosphere. The carboy was supported on a magnetic stir plate (not shown) and the water 
mixed with a magnetic stir bar (part F). The water was mixed throughout purging, mixing the 
powders, and sampling to ensure an even distribution of dissolved powder and gas within the 
system.  
The membrane tube device is shown as part D. The entire tube plus the top cap was 
submerged so the water level never dropped below the top cap, to prevent exposing the 
membrane to the nitrogen flowing in the headspace. If the water level drops below the cap, the 
nitrogen in the headspace could diffuse back through the membrane, interfering with air filling 
the length of the tube during a trial. The steel piping emerging through the rubber stopper from 
the membrane tube was capped during purging and mixing of the powder. Once a background 
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sample was collected and analyzed, the cap was taken off the pipe to open the device to the 
atmosphere, so oxygen transfer could begin.  
Part E of the system is the sampling device. The best method to prevent contamination of 
the sample with atmospheric oxygen was to use a siphon to collect the sample from the system. 
The siphon was built by bending a steel pipe in a 90˚ angle in two places, as illustrated in Figure 
7. Stainless steel was used for most of the siphon to prevent oxygen from diffusing through the 
pipe. Tygon tubing was attached to the end of the steel piping, so it could be attached to the 
carboy between samples, and was easy to maneuver. Except when sampling, the Tygon tubing 
was plugged to stop the siphon and to minimize atmospheric oxygen contamination.  
  
6.0 Methods 
6.1 Calibration Curve 
For each oxygen transfer test, a calibration curve for measuring sulfate concentration was 
made by first creating a stock solution of 1.48 g/L of sodium sulfate. Six dilutions were made 
from the stock to provide sulfate concentrations of 0, 5, 10, 20, 40, and 60 mg/L. A 10 mL 
aliquot of each dilution was reacted with the reagent powder for four minutes and then put in the 
spectrophotometer (set at 420 nm) for one minute. The highest absorbance reading was taken and 
recorded after one minute. Concentrations of 10 mg/L and 40 mg/L were tested in triplicate and 
the relative standard deviations of triplicates were always less than 8% of the mean. Once the 
average of each concentration was recorded, a linear regression was run on the data. When each 
sample was drawn from the system through the siphon, reacted and tested in the 
spectrophotometer, the absorbance was then used in the linear regression equation for the 
standard curve to determine the corresponding sulfate concentration. 
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6.2 Preparation for Oxygen Transfer Testing 
The system was set up by first filling the carboy with 19 L of DI water, then the carboy 
was placed on the stir plate. The membrane tube and diffuser were attached to the appropriate 
pipes embedded in the stopper. After the stopper was put securely on the carboy, the siphon was 
started using a syringe to pull the water from the carboy and through the tubing. A plug was 
inserted at the end of the tube to stop the flow of water, which also minimized the amount of air 
left at the end of the tube. Once the membrane tube was plugged and the N2 headspace vent was 
closed, the hose from the N2 cylinder was connected to the N2 pipe with the diffuser on the end. 
The headspace vent was left open to allow for the N2 to escape. After at least 4 hours of purging, 
0.023 g of cobalt chloride (CoCl2 · 6 H2O) was weighed along with 9.5 g of sodium sulfite 
(Na2SO3). This amount of sodium sulfite was calculated to be well in excess of the amount 
required to consume all of the oxygen initially present in the carboy after purging with N2 as well 
as all of the oxygen transferred during a test; thus, a DO concentration of 0 was maintained 
throughout each test. 
Once purging was complete, the nitrogen hose was removed from the N2 sparge pipe and 
the two powders were poured into the carboy through the powder feed funnel. The nitrogen hose 
was then connected to the N2 headspace pipe (same as the powder feed funnel) to ensure that 
nitrogen stayed in the headspace. The headspace of the reactor was consistently purged with 
nitrogen during all experiments. The powders were mixed in the carboy for 30 minutes to make 
sure they were completely dissolved. After 30 minutes, a sample was taken before any 
atmospheric oxygen entered the system to get the background concentration of sulfate in the 
carboy.  
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6.3 Sampling  
Sampling was conducted by unplugging the siphon to allow water to flow from the 
carboy. A 30-40 mL volume of solution was wasted before collecting 20 mL of the actual 
sample. One packet of SulfaVer® 4 Sulfate Reagent Powder Pillows was emptied into a separate 
sample vial. A 10 mL aliquot of sample was immediately pipetted into the sample vial and mixed 
for 4 minutes on a stir plate with a small (1.5 cm) stir bar. After the 4-minute reaction, 3 mL of 
sample was pipetted into a cuvette and placed in the spectrophotometer for one minute and the 
highest absorbency reading was recorded. Once the background sample was taken, the plug was 
taken off the membrane tube to begin oxygen transfer. A sample was taken every 5 hours 
following the same procedure.  
 
7.0 Results 
7.1 Oxygen Transfer Rate of 0.0127 cm-thick Membrane Tube 
Based on data provided in Appendix A, the background concentration of oxygen in the 
carboy prior to opening the membrane tube device to the atmosphere was 1.52 mg O2/L. The 
same procedure as described in Appendix A was followed for each subsequent time point and the 
data are shown in Table 7. 
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Table 7. Absorbance, sulfate concentration, and the concentration of oxygen consumed 
by the sulfite for each sample at the given time point. 
Time (min) Absorbance Conc. SO4 (mg/L) 
Cumulative 
O2 consumed 
(mg/L) 
Cumulative O2  
transferred 
(mg/L) 
Background 0.061 9.11 1.52a 0.00 
60 0.069 9.80 1.63 0.11 
120 0.071 9.97 1.66 0.14 
180 0.097 12.2 2.03 0.52 
240 0.104 12.8 2.14 0.62 
300 0.135 15.5 2.58 1.06 
a amount of oxygen left in the carboy after purging 
 
Figure 8. Linear regression between oxygen consumed in mg/L and time in minutes. 
The oxygen transfer rate was found through a linear regression of the oxygen consumed 
between 120 minutes and 300 minutes (Figure 8). The slope in the linear regression equation is 
the oxygen transfer rate, which was 0.0048 mg/L·min. For a volume of 19 L, this corresponds to 
an experimental oxygen transfer rate of 131 mg O2/day for the membrane tube, or 0.828 
mg/cm2·d. 
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A second test was done using another 0.0127 cm-thick membrane tube following the 
same procedure (data are provided in Appendix B), which resulted in a similar oxygen transfer 
rate of 126 mg O2/day (r
2 = 0.994), or 0.796 mg/cm
2·d. The average experimental oxygen 
transfer rate from the two trials therefore was 129 mg O2/day (0.815 mg/cm
2·d). 
7.2 Oxygen Transfer Rate of 0.0203 cm-thick Membrane Tube 
The trials for the 0.0203 cm membrane tube did not produce usable data. The original trials 
showed that the thicker membrane transfers oxygen very slowly so there was not much variation 
in sulfate concentration at each time point making it difficult to see any trend. Over a long time, 
the membrane may have started to transfer oxygen, but the trials were conducted for only 5 
hours.  
 
8.0 Discussion 
The experimental oxygen transfer rate of the constructed membrane tube device (129 mg/d) 
was approximately 7 times lower than the theoretical oxygen transfer rate found using Deng’s 
(2015) model for the parameters of the experimental membrane tube (914 mg/d, Chapter 4). 
There are a few reasons why the experimental rate might be lower than the theoretical rate. 
Before the experimental test could be done, the system had to be purged with nitrogen. The 
membrane tube was inside of the carboy during purging and closed off to the atmosphere. It is 
likely that nitrogen gas diffused into the membrane tube during purging. When the tube was 
opened to the atmosphere the ratio of nitrogen to oxygen inside the tube would be greater than 
the normal atmospheric concentration (78% nitrogen, 21% oxygen). The lower amount of 
oxygen inside the tube at the beginning of the trial would cause the oxygen transfer rate to be 
lower than expected. PDMS membranes are nitrogen-permeable but only at half the permeability 
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of oxygen6, also indicating that the nitrogen inside of the tube may have interfered with the 
transfer rate of oxygen.  
The 0.0203 cm membrane tube most likely experienced the same phenomenon with a lag in 
the oxygen transfer rate due to nitrogen back transfer into the tube. The membrane is thicker than 
the 0.0127 cm membrane tube, meaning that the transfer coefficients are lower. A diffusion lag 
may have occurred where the oxygen took much longer to move through the membrane and into 
the carboy, which is why the data was not useable over the duration of the test.  
Hydrostatic pressure is another reason the transfer rate could be lower than expected. Deng’s 
(2015) model does not take hydrostatic pressure into consideration. When the membrane tube is 
in 19 L of DI water in the carboy, it closes in on itself because the weight of the water is greater 
than atmospheric pressure on the inside of the tube. As depth increases in the carboy, more 
weight is put on the outside of the membrane as hydrostatic pressure. The high amount of 
hydrostatic pressure on the membrane tube device (especially at the bottom of the device) could 
slow the rate of oxygen transfer. The combination of the potential partial pressure difference in 
oxygen due to nitrogen back-transfer and hydrostatic pressure from the water, may drastically 
decrease the rate of oxygen transfer10.  
The finding that the experimentally measured oxygen transfer rate was an order of magnitude 
lower than estimated with a previously developed model10 has implications for the feasibility of 
the passive aeration concept. The biggest limitation is that the number of tubes needed to meet a 
particular oxygen demand in a lagoon would increase by a factor of 7. If more tubes are required, 
the manufacturing costs would increase accordingly, as would maintenance costs10.  
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9.0 Implementation 
9.1 Odor 
For the membrane tube devices to be implemented at Butler Farm, the cover on Overflow 
Lagoon 2 would need to be removed. The biggest potential concern with removing the cover is 
odor, along with the risk of respiratory issues affecting the surrounding community and farm 
workers. As discussed previously, ammonia is one of the main causes of the odor as well as a 
harmful chemical to the respiratory system. Nitrifying bacteria growing on or near the tubes 
would convert the ammonium in the waste to nitrate, therefore reducing the intensity of the odor 
and decreasing the risk of respiratory issues. Most of the lagoon would still be covered by the 
modules that would hold the tubes10. 
9.2 Tube Support System 
Once the tubes are made the next step is figuring out how to deploy them in the lagoon. 
In Deng (2015),10 a tube support system is proposed that incorporates building numerous support 
modules out of plastic or stainless steel, each module with multiple holes through which the 
membrane tubes would be inserted. The number of modules needed would be determined by the  
Figure 9. Floating module with inserted tubes.  
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amount of tubes required to treat the waste in the lagoon. The modules would float on the top of 
the lagoon and an outer ring could be installed around the steel piping to hold the tubes in place. 
The ring would rest on the module making it easy to insert and remove the membrane tubes. 
Figure 9 shows what the module with the tubes could look like.  
It is important to note that the pipe connecting the membrane tube device to the 
atmosphere is straight in the experimental system. The original design for the pipe had it bending 
or curving10. The pipe on the membrane tube devices that would be put in the lagoons would 
have to be curved in some way to prevent rain and debris from getting inside the tube.  
9.3 Failure Detection 
If the module system is implemented, the greatest challenge will be determining when 
one of the tubes fails. Deng (2015) proposed using a sensor that could be put in the membrane 
tube that would react when it comes in contact with water. If the tube filled with water, the 
sensor would signal in some way that the tube has failed10.  
Another way to detect a failure could be by utilizing capillary action. A very thin tube 
could be inserted down the middle of the membrane tube and if the larger membrane tube fills 
with water, the thin tube would fill to a higher level due to adhesive forces.  When the small tube 
completely fills with water a piece of plastic that is attached to the thinner tube would come out 
of the end of the device indicating that the tube has failed10.  
The lagoon is very large, making it difficult to access the tubes or modules in the middle 
of the lagoon. When a tube does fail or if they need to be changed or cleaned, there needs to be a 
way to easily access the tubes/modules. One way to do this is to build a bridge over the lagoon so 
the tubes and modules could be reached without difficulty. Another method would be to make 
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sure that there is some open space remaining in the lagoon, so that the modules could be moved 
and pulled to the edge using a long pole.  
 
10.0 Concerns During Tube Construction 
The silicone adhesive did an excellent job of keeping a water-tight seal where the 
membrane was attached to itself. The adhesive system used for connecting the top and bottom 
cap also kept a water-tight seal when generous amounts of adhesive were added. The membrane 
did leak a few times during testing, which was due to either a pin-hole in the membrane or 
through the connection between the membrane tube and the system. The pin-hole in the 
membrane most likely occurred during the construction process. Pin-holes were prevented by 
making sure that there was a clean area to cut and glue the membrane and that the 3D-printed 
support pieces were smooth when sliding on the membrane. There is a chance that the hole was 
already there, and it occurred during manufacturing of the membranes. The leak through the 
connection of the piping and the tube was easily fixed using Teflon tape and would not be an 
issue if these tubes were mass-produced because there would be no need to disconnect the tube 
from the piping. The connection would be tightly glued or welded together, preventing any water 
from seeping through. 
 
11.0 Conclusion 
After designing, constructing, and testing the membrane tube device and test system, the 
resulting average experimental oxygen transfer rate was 129 mg O2/day for a 0.0127 cm-thick 
polydimethylsiloxane (PDMS) membrane tube, compared to 914 mg O2/day for a theoretical 
device with the same parameters. Because the experimental oxygen transfer rate is much lower 
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than the theoretical oxygen transfer rate, the passive aeration concept would require about 7 
times more tubes than expected, resulting in greatly increased manufacturing and maintenance 
costs. More data on costs and implementation feasibility is needed to determine whether the 
device is technically and economically feasible on a larger scale. 
 
12.0 Future Work  
The bench-scale system and device developed in this project are only the first step in 
determining if these tubes can sufficiently provide oxygen to the waste at Butler Farm. The next 
step would be to determine how the membranes perform when in contact with waste for an 
extended period. It would also be important to know what type of biofilm grows on the 
membrane and if it could potentially damage the membrane. There is a chance that a biofilm 
might increase the oxygen transfer rate because microbes would drive the oxygen concentration 
at the membrane/water interface to zero, thus maximizing the driving force for oxygen transfer 
through the membrane. 
Longer trials with the 0.0203 cm membrane tube would need to be done to determine if 
the oxygen transfer rate is similar to the thinner membrane over a longer time. The biggest issue 
with the thinner 0.0127 cm membrane is that it was not as durable as Deng (2015) predicted10. It 
is possible that the thicker membrane will hold up better under hydrostatic pressure in 
wastewater, so it would be important to have an accurate oxygen transfer rate for the 0.0203 cm 
membrane tube.  
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Appendix A- Calibration curve used for results of the first experimental trial with the 
0.0127 cm-thick membrane tube 
The results from testing the system using the 0.0127 cm thick membrane tube are shown 
in Table 8.  
Table 8. Concentrations of standard sulfate solutions and absorbance data used for the 
calibration curve in the first trial. 
Standard Conc. SO4 (mg/L) Absorbance 
1 0 0.000 
2 5 0.016 
3 10 0.056, 0.057, 0.058 
4 20 0.151 
5 40 0.389, 0.400, 0.376 
6 60 0.688 
 
 
Figure 10. Linear regression of the concentration and corresponding absorbances for trial 1.  
An example calculation for determining the sulfate concentration in a sample based on 
the calibration curve is shown below for the background concentration of sulfate in the carboy 
before opening the membrane tube to the atmosphere. The amount of sulfate in the sample based 
on an absorbency reading of 0.061 is 9.11 mg SO4/L. 
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𝑥 =
(0.061 + 0.0447)
0.0116
= 9.11 𝑚𝑔 𝑆𝑂4/𝐿 
To get the amount of oxygen consumed by the sulfite, the molecular weight of oxygen and 
sulfate are used as well as the 2:1 ratio of sulfate to oxygen in the oxidation reaction between 
sulfite and sulfate. 
9.11 𝑚𝑔 𝑆𝑂4
𝐿
×
1 𝑚𝑚𝑜𝑙 𝑆𝑂4
96.06 𝑚𝑔 𝑆𝑂4
×
1 𝑚𝑚𝑜𝑙 𝑂2
2 𝑚𝑚𝑜𝑙 𝑆𝑂4
×
32.0 𝑚𝑔 𝑂2
1 𝑚𝑚𝑜𝑙 𝑂2
= 1.52 𝑚𝑔 𝑂2/𝐿 
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Appendix B- Results of the second trial with the 0.0127 cm-thick membrane tube 
Table 9 and Figure 11 show the absorbances and linear regression used for the calibration curve 
in the second trial.  
Table 9. Concentrations of standard sulfate solutions and absorbance data used for the 
calibration curve in the second trial. 
Standard Conc. SO4 (mg/L) Absorbance 
1 0 0.000 
2 5 0.016 
3 10 0.045, 0.044, 0.040 
4 20 0.149 
5 40 0.360, 0.337, 0.349 
6 60 0.549 
Figure 11. Linear regression of the concentration and corresponding absorbances for trial 2.  
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Table 10. Absorbance, sulfate concentration, and the concentration of oxygen consumed by the 
sulfite for each sample at the given time point for trial 2. 
Time (min) Absorbance Conc. SO4 (mg/L) 
Cumulative 
O2 consumed 
(mg/L) 
Cumuative O2 -
transfered 
(mg/L) 
Backgrounda 0.068 10.23 1.70 0.000 
60 0.083 11.81 1.97 0.263 
120 0.083 11.81 1.97 0.263 
180 0.097 13.28 2.21 0.508 
240 0.113 14.97 2.49 0.789 
300 0.130 16.76 2.97 1.087 
a amount of oxygen left in the carboy after purging 
The oxygen transfer rate was found the same way as in trial 1, through a linear regression 
of the oxygen consumed between 120 and 300 minutes. The slope in this linear regression 
equation is 0.0046 mg/L·min. After it was multiplied by the 19 L volume of the carboy, the 
experimental oxygen transfer rate for the membrane tube for the second trial was 126 mg O2/day 
or 0.796 mg/cm2·d. 
 
Figure 12. Linear regression between oxygen consumed in mg/L and time in minutes for trial 2. 
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